tracer concentrations in the sampling wells tended to be much lower than injection concentrations, but the
tic subsoils.
Since 1994, a series of laboratory-scale tracer experiments have been carried out in undisturbed columns of shale saprolite collected from ORNL to investigate S aprolite, which is a decomposed fine-grained mateparticle retention mechanisms and factors influencing rial that retains much of the fabric of the parent retention. One study, by Cumbie and McKay (1999) , bedrock, is the dominant subsoil over large areas on examined the influence of particle diameter on transport the eastern and western flanks of the Appalachian of fluorescent latex microspheres. They found that there Mountains. Recent field and laboratory tracer experiwas an optimum particle size of about 0.5 to 1.0 m ments carried out in saprolite derived from sedimentary for transport, with larger than optimum size particles rock in east Tennessee show that microorganisms, and experiencing greater losses due to gravitational settling synthetic microspheres used as surrogates for microorand/or physical straining, and smaller than optimum size particles experiencing greater losses due to attachment ganisms, can be transported through the saprolite at to fracture or macropore walls. This is consistent with very high rates, with widely variable retention or conprevious theoretical or experimental investigations, centration loss (Haun, 1998; Cumbie and McKay, 1999;  mainly in granular materials, where an optimum particle McKay et al., 2000) . In a field tracer experiment carried size was also predicted or observed (Yao et al., 1971; out in 1994 in the upper 6 m of a shale saprolite at McDowell-Boyer et al., 1986 ; Elimelech and O'Melia, Oak Ridge National Laboratory (ORNL) in eastern 1990; Fontes et al., 1991; Harvey, 1991) . Tracer experiTennessee, four particle tracers (PRD-1, MS-2, 0.100-ments described in Haun (1998) investigated the influm-diameter fluorescent latex microspheres, and killed ence of ground water chemistry on transport of latex Pseudemonas syringae) were observed to travel, under microspheres in shale saprolite from ORNL and found natural flow conditions, at rates of 11 to 200 m d Ϫ1 . Peak that particle retention was strongly influenced by ionic strength and by the valence state of the dominant cations in the ground water. For solutions with low ionic and macropores. Secondary objectives include determining the effective porosity through which bacteriostrength, or containing mainly monovalent cations, phage transport occurs and determining whether flow there tended to be much lower retention of tracer partivelocities calculated using the cubic law (Snow, 1969) can cles. This was believed to be due to expansion of the be used to predict bacteriophage transport velocities. electric double layer and increased repulsive interactions between the microspheres and the walls of the fractures or macropores. Again, this is consistent with HYDROGEOLOGIC SETTING previous theoretical and experimental studies of particle An undisturbed saprolite column used for the experiments transport in granular media (Hunter, 1986; Fontes et was excavated from a depth of 1.4 m at a research site in a al., 1991; Bales et al., 1991 Bales et al., , 1995 Amirbahman and Ol- proposed solid waste storage area (SWSA-7) on the Oak sen, 1993).
Ridge Reservation in eastern Tennessee. The site is underlain Flow rate is also expected to be a dominant factor in by soils and saprolite derived from bedrock of the upper unit controlling particle transport in shale saprolite. Previous of the Dismal Gap Formation (formerly Maryville Limestone), studies in granular materials (Wollum and Cassel, 1978;  which is part of the Conasauga Group (Rothchild et al., 1984; Wang et al., 1981; Tan et al., 1994) show that flow rate Hatcher et al., 1992) . The Cambrian-age Dismal Gap Formacan strongly influence particle retention and, given the tion ranges from 95 to 158 m in thickness on the Oak Ridge Reservation and consists of intraclastic, oolitic, and wavy lamivery high flow rates indicated by the field experiments nated limestone interbedded with dark gray shale (Hatcher at ORNL McCarthy, 1998; McKay et al., 1992) . The soil at the site is a thin, loamy-skeletal, mixed, et al., 2000) , it is likely that flow rate will prove to be thermic Typic Dystochrept to Dystric Entochrept (Driese et a critical factor in transport of colloids in shale saprolite. al., 2001) . Combined thickness of the A and B horizons is However, the only previous studies of the influence typically in the range of 15 to 30 cm. The underlying C horizon of flow rate in fractured or macroporous fine-grained has undergone extensive chemical weathering in situ, but rematerials (Smith et al., 1985; Kretzschmar et al., 1995) tains structural features of the parent bedrock, and is referred give conflicting results. Smith et al. (1985) observed to as a shale saprolite. The saprolite grades in color from transport of the bacteria, Escherichia coli, through parbrown near the surface, to gray at the base of the weathered tially saturated undisturbed soil columns of six different zone (at about a depth of 10 m), and still retains bedding types of silt-loam soils. They concluded that flow rate features and many of the fractures from the underlying bedhad a major influence on transport of E. coli, with higher rock. Numerous macropores formed by plant roots and fauna are typically present in the upper 1 m of the soil and saprolite losses experienced at lower flow rates. Five of the soils (Rothchild et al., 1984; Solomon et al., 1992; Driese et al., in the Smith et al. (1985) study had visible evidence of 2001). Bedding generally dips toward the southeast at about macropores, which in some cases included cracks, roots, saprolite, in which combined fracture and macroporosity values are estimated as less than 2% (Cumbie and McKay, 1999; Cropper, 1998; Driese et al., 2001) .
INVESTIGATIVE METHODS
The main objectives of the research described in this paper are to determine the influence of flow rate on Column Excavation and Setup transport of the bacteriophage tracers MS-2 and PRD-1 Excavation of the saprolite column and setup for the misciover the range of flow rates typical of field conditions ble displacement experiments generally followed methods dein a shale saprolite, and to examine the relative signifiveloped by previous researchers at the field site (Jardine et cance of different loss mechanisms, such as inactivation, Reedy et al., 1996) . The column of undisturbed physical straining, gravitational settling, and electrofractured saprolite was collected from a hand-excavated trench at a depth of 1.4 m with the axis of the column oriented along static or hydrophobic attraction to the walls of fractures the dip of bedding, which was approximately 45Њ from vertical. The fracture spacing ranged from 0.5 to 2.5 cm, and the most prominent fractures were along the bedding planes. Initially, a 60-ϫ 60-cm pedestal of saprolite was isolated from the surrounding material and coated with paraffin wax to prevent drying or crumbling. The pedestal was then trimmed to the desired columnar shape and dimensions (approximately 21 cm in diameter by 33 cm long) by repeatedly cutting through the wax and removing thin layers of saprolite and then recoating the exposed areas with wax. The base of the column was then cut free of the underlying saprolite, a precut piece of 25.4-cm-i.d. PVC sewer pipe was placed around the column, and the annulus was filled with paraffin wax. After the wax hardened, the saprolite column was transported to the laboratory. The total porosity of subsamples of the saprolite collected from the excavation was approximately 0.40 (Cumbie, 1997) and the total pore volume (PV) of the column, calculated based on its total porosity and volume, was 4.2 L.
The ends of the column were cut off to expose an undisturbed surface of the saprolite, where bedding planes and fractures were clearly visible (Fig. 1A) . A 0.4-cm-thick layer of medium-grained (Ͻ1 cm in diameter), well-sorted quartz sand was placed on the saprolite and a PVC cap, containing four influent-effluent ports covered with layers of fine nylon mesh, was glued onto each end. The column was inverted, with influent entering the base of the column (Fig. 1B) , and standpipe manometers were installed on fittings drilled and tapped into the sides of the column near the top, midpoint, and base. After the miscible displacement experiments were complete, an additional manometer was connected to the influent line just before it entered the column, so that head drop across the entire column and end caps could be measured.
The column was saturated from the bottom with a 0.005 M CaCl 2 carrier solution, which was chemically similar to pore fluids in the field . The column was slowly saturated by raising the influent head at a rate of approximately 4.5 cm per day to allow air to escape through the top and to ensure that the saprolite matrix was completely saturated. After initial saturation, a constant flux of the 0.005 M CaCl 2 carrier solution was maintained through the column for approximately 15 d to remove entrapped air. The column was kept at room temperature (approximately 22ЊC) throughout the flow and miscible displacement experiments.
Flow Tests
Flow tests were performed on the column prior to and after the miscible displacement experiments to measure spatial variability in hydraulic conductivity of the saprolite and to determine if there were any changes in hydraulic conductivity due to the experiments. The tests involved pumping the 0.005 M CaCl 2 carrier solution through the column with a peristaltic pump at flow rates ranging from 3.6 to 29.8 mL min Ϫ1 . Hydraulic head values were monitored in the standpipe manometers until values were constant for each flow rate. Four miscible displacement tracer experiments were carried out, each at a constant volumetric flow rate per unit area of 0.005 M CaBr 2 (800 mg L Ϫ1 of Br Ϫ ) solution spiked with soil, with flow rates ranging from 0.0075 to 0.96 m d Ϫ1 (Table  two strains of bacteriophage (MS-2 and PRD-1) to achieve a 1). Measured hydraulic gradients for these flow rates ranged concentration of between 10 6 and 10 9 plaque forming units from 0.001 to 0.1, and were within the range of typical fieldper milliliter (PFU mL Ϫ1 ), as shown in Table 1 in the saprolite column may differ from rates measured
The samples were assayed using the plaque forming techin the influent reservoir, but this is a reasonable approxinique described by Adams (1959) and Bales et al. (1991) . The mation.
samples were diluted using a TRIS buffered saline solution. Three dilutions were plated for each sample, and plates con- (Tables 2 and 3 ). In some MA) Model EA 940 pH/ISE meter using a Corning (Corning, cases, there were low background concentrations from NY) Br Ϫ specific electrode. The electrode was calibrated using previous experiments (see above), in which case first a minimum of three prepared solutions with concentrations arrival was defined as the point at which the effluent ranging from 0 to 800 mg L Ϫ1 of bromide. To ensure consisconcentration trend changed from declining to increastency of the bromide data, all samples from one experiment were measured the same day using the same calibrated probe.
ing for each tracer. Concentrations of MS-2 and PRD-1 tracers in the effluent continued to increase sharply for about the first 0.25 to 0.5 PV of injection and then either RESULTS leveled off at a roughly constant "plateau" concentra-
Miscible Displacement Experiments
tion (for flow rates of 0.039, 0.19, and 0.96 m d Ϫ1 as shown on Fig. 2B-D (3 and 4) , on Fig. 2A ). In the latter case, MS-2 and PRD-1 did eventually approach plateau concentrations after apfor both PRD-1 and MS-2 tended to increase with flow rate. Concentrations of bromide increased throughout proximately 1.0 to 1.5 PV of injection, as shown in Table  2 . Generally, the relative concentration of the plateaus the injection portion of each experiment and although they appeared to asymptotically approach a relative low (C/C 0 of 0.000002 to 0.0007) by 4 PV. For Experiments 1 and 2, where there was evidence of significant concentration of one, this value was not reached in any of the experiments.
inactivation of PRD-1 and MS-2 during the experiment, the recovery values were also calculated from the relaDuring the flushing (or elution) portion of each BTC, there was a rapid initial decline in concentration of both tive concentration BTCs ( Fig. 2A,B) , which include a correction for inactivation in both the influent and flush-PRD-1 and MS-2 (Fig. 2) . The rapid initial drop in bacteriophage concentration was followed by a period ing portions of the experiments. This method yielded PRD-1 and MS-2 recovery values at the two slowest of slowly declining values. Bromide concentrations also declined during the flush portions of the experiments, flow rates that were slightly higher (Ͻ1 to 15%) than the values that were calculated directly from the concenbut at much slower rates than observed for the bacteriophage tracers. Following the lowest flow rate experitration measurements, but still showed the same trend toward increasing recovery with increasing flow rate. ment, the elution rate was abruptly increased from 0.0075 to 0.96 m d Ϫ1 and the effluent monitored for Recovery of MS-2 increased steadily, from Ͻ1 to 58%, as flow rate increased (Fig. 4) . For PRD-1 there was a bacteriophage (Fig. 3) . As a result of this sharp increase in flow rate, the concentration of PRD-1 increased by sharp initial increase in recovery as flow rate increased, but at the two highest flow rates the recovery was cona factor of 50, and then slowly declined. In contrast, the concentration of MS-2 appeared to only increase stant at approximately 58%. Recovery values for bromide were much higher than slightly, and then continue to decline.
The proportion of tracers recovered from each experithe bacteriophage tracers and increased slightly, from 86 to 91%, as the flow rate for each experiment inment was calculated by dividing the mass of tracer recovered during the first 4 PV of each experiment divided creased (Fig. 4) . The bromide recovery values are incomplete because at the end of the detailed monitoring by the mass of tracer injected during the 2 PV injection period (Fig. 4) . Recovery of PRD-1 and MS-2 during the portion of the flush beyond 4 PV was expected to be minimal because their concentrations were both very period (at 4 PV) the relative concentrations were still concentration influent) being reached within 1 to 1.5 PV (Wollum and Cassel, 1978; Tan et al., 1994 ; Kretzrelatively high (2-14%). These concentrations were less than 1% when monitoring was restarted just before each schmar et al., 1997). Bromide was also initially transported primarily new injection, so it is expected that almost all of the bromide was eventually recovered. through the fractures, as indicated by its rapid first arrival. However, unlike the bacteriophage tracers, concentrations of bromide in the effluent continued to
Hydraulic Conductivity
slowly increase throughout each injection and asymptotLocal hydraulic conductivity values were calculated ically approached the injection concentration. Also, the using Darcy's law for each pair of manometers in the bromide concentrations tended to decline much more wall of the column, and for each of the three flow tests slowly than the bacteriophage during the flush portion carried out before the tracer tests. For individual piof each BTC. The slower rise and decline of bromide ezometer pairs, the calculated value of hydraulic conconcentrations is believed to be due to diffusion-conductivity remained relatively constant (within a factor trolled transfer between the rapidly moving water in of three) as flow rate increased. Comparison of values the fractures and the relatively immobile pore water in from different piezometer pairs at the same flow rate the fine-grained matrix between the fractures. Previous shows that hydraulic conductivity varied spatially within field, laboratory, and modeling investigations have the sample by a factor of up to six, with most of the shown that this mechanism, which is often referred to values varying by a factor of less than two. This relatively as either interregion diffusion or matrix diffusion, plays narrow range of variation indicates a high degree of an important role in controlling solute transport in fracinterconnection of fractures in the saprolite column. The tured, clay-rich materials (Grisak et al., 1980 ; Harrison mean and geometric mean of all the local hydraulic et al. , 1992; Reedy et al., 1996; McKay et al., 1997) . conductivity values were 15.2 and 13.5 m d Ϫ1 , respecInterregion diffusion is expected to be much less signifitively. These values were approximately 2.5 times higher cant for microorganisms and other colloidal particles, than the bulk hydraulic conductivity, which was meabecause of their larger size and slower diffusion coeffisured based on the hydraulic gradient between the incients (Bales et al., 1989; McKay et al., 1993a ; Harvey, flow and outflow of the column after completion of the 1997). This was demonstrated in an experiment by Cumtracer experiments. The differences may be due to a bie and McKay (1999) , where they observed that the decline in hydraulic conductivity over the period of the vast majority of microspheres retained in shale saprolite tracer experiments, but could also be due to low hydrauwere found along the walls of fractures, with only a few lic conductivity regions within the interior of the sample found in the matrix. or head losses in the end caps. Subsequent tests, in which
The trends toward increasing relative plateau concenlocal and bulk hydraulic conductivity were measured at tration and higher percentage of tracer recovered for the same time, also showed values differed by a factor MS-2 as flow rate increased were consistent with the of 1.3 to 2.4 times, suggesting that the locally measured results of transport studies by Wollum and Cassel (1978 Bacteriophage and Bromide Transport soils by Smith et al. (1985) , which showed higher losses The rapid arrival of all the tracers, at pore volumes at lower flow rates. The behavior of PRD-1 was in genof much less than one, clearly shows that flow was oceral agreement with the above studies, but also indicated curring through only a small portion of the total porosity that particle losses were largely independent of flow ( Table 2) . First arrival of PRD-1 and MS-2 occurred rate above a flow rate of about 0.039 m d Ϫ1 . This could earlier than first arrival of the bromide by a factor of be responsible for the lack of a strong correlation bethree to six times, but this is at least partly due to differtween flow rate and colloid loss observed by Kretzences in detection limits. The rapid first arrival of the schmar et al. (1995) in their study of transport of Fe bacteriophage tracers, followed by attainment of a relaand Al colloids in a macroporous saprolite derived from tively constant plateau concentration, which usually occrystalline bedrock. curs at substantially less than one pore volume, is consistent with a conceptual model of advective transport Fracture Aperture, Effective Porosity, occurring mainly through the fractures and macropores.
and Flow Velocity

This is similar to what was observed in other colloid
Effective porosity values, n e , which represent the potracer experiments in columns of shale saprolite (Haun, rosity of the fractures and macropores accessible to the 1998; Cumbie and McKay, 1999) and fractured glacial bacteriophage, were calculated by dividing the volume clays (Hinsby et al., 1996) . By comparison, saturated of flow at which the bacteriophage first arrived in the flow transport experiments in columns of granular soils effluent, or at which it reached a plateau concentration, typically show first arrival of colloidal tracers occurring by the total volume of the column (Table 3) . Effective at pore volumes of 0.2 to 0.8 and peak (for short pulse experiments) or plateau concentrations (for constant porosity values calculated from the first arrival of the bacteriophage ranged from 0.0067 to 0.013, which were g is the gravitational constant (McKay et al., 1993b) . Values for and w were taken from published values 30 to 60 times lower than the total porosity (0.4) of the for pure water (Daugherty and Franzini, 1977) . Using column. The effective porosity values calculated for the this equation, the calculated fracture aperture for the plateau concentration ranged from 0.11 to 0.40. This consaprolite column was 1.3 ϫ 10 Ϫ4 m (130 m). firms that the bacteriophage traveled mainly through a
The fracture flow velocity was calculated using: relatively small portion of the total porosity of the material.
It was assumed that the time (and effluent volume) v f ϭ i (2b) 2 w g 12 [2] of the initial arrival of the bacteriophage in the effluent, and the time at which the bacteriophage reached a plawhere v f is the calculated fracture flow velocity and i teau concentration, represent the approximate travel is the average measured hydraulic gradient for each times in the fastest and slowest pathways, respectively, experiment. Calculated fracture flow velocities based for advective transport of bacteriophage through the on the cubic law ranged from 0.9 to 90 m d Ϫ1 and were saprolite. Using the initial arrival and plateau times for within a factor of 0.4 to 1.8 of the transport velocities each bacteriophage (MS-2 and PRD-1) and the length calculated based on first arrival of the bacteriophage of the column (29 cm), transport velocities were calcu- (Table 3 ). This suggests that the cubic law may be approlated for the tracer experiments at each flow rate (Table  priate for 
Bacteriophage Loss Mechanisms
Fracture aperture values and flow velocities, based Possible causes of the bacteriophage losses include on the cubic law (Snow, 1969) for flow through smoothinactivation, straining, gravitational settlement, and walled fractures with uniform aperture, were also calcuelectrostatic or hydrophobic attachment to mineral surlated for comparison with the measured bacteriophage faces or soil organic matter. It is not possible to fully transport velocities. These calculations assume that all evaluate the causes of all of the losses of MS-2 and fractures can be represented as an equivalent system of PRD-1 within the limitations of this set of experiments smooth-walled fractures, and since many of the root and the scope of this paper, but several factors are discasts, which are the dominant macropores, occur along cussed in the following section. fracture surfaces, it is reasonable to lump them together.
The influence of inactivation on transport of MS-2 Fracture aperture, 2b, was calculated assuming that flow and PRD-1 was examined by comparing bacteriophage occurred through both the bedding plane fractures and residence times within the column to the measured dethe fractures cutting across bedding and that fracture cay rates for these bacteriophage strains. Calculated spacing was the same (approximately 0.02 m) in both residence times of the bacteriophage in the sample for directions. These assumptions are supported by a recent Experiment 1 (flow rate of 0.0075 m d Ϫ1 ) ranged from study (Cumbie and McKay, 1999) in which fluorescent 0.6 to 49 d, based on first arrival and time to reach microspheres were injected through a column of saproplateau concentration, respectively. Residence times for lite from the same site. The column was dismantled and Experiments 2, 3, and 4 were each less than 1, 0.2, and examined under UV light, and the microspheres were 0.06 d, respectively. For PRD-1 and MS-2 deactivation found on approximately half of the bedding plane fracrates measured in this study, and in other studies in tures and nearly all of the cross-bedding fractures. This ground water by Yates et al. (1986 Yates et al. ( , 1987 , these resiresulted in a nearly equal spacing of "active" fractures dence times were too small to have any significant effect in both directions. The value of fracture aperture, 2b, for on concentrations, except for the experiment at the a system of two sets of equally spaced vertical parallel slowest flow rate. fractures, oriented orthogonal to one another, was calStraining, meaning losses due to physical lodging of culated using: particles in fractures or pore throats that are smaller than the diameter of the particles, is not expected to be (2b)
influenced by flow rate (Harvey, 1991) . Experiments 3 and 4, which had the two highest flow rates, had about where K B is the bulk vertical hydraulic conductivity of the same plateau concentration, 50 to 70% of the influthe column (13.5 m d
Ϫ1
, based on the geometric mean ent concentration, and the same recovery, 60%, for of the local hydraulic conductivity measurements), K M PRD-1. MS-2 also showed losses of 40 to 50% at the is the matrix hydraulic conductivity (assumed to be highest flow rate. These values indicate that about 30 zero), 2B is the fracture spacing (0.02 m), is the kineto 50% of the bacteriophage losses were independent of flow rate, and hence could potentially be due to matic viscosity of water, w is the density of water, and straining. However, this value appears to be unreasonsion-controlled collisions with the walls of fractures (Yao et al., 1971; Elimelech and O'Melia, 1990) . The ably high, given the calculated hydraulic fracture aperdiameters of PRD-1 and MS-2 (0.062 and 0.026 m, ture of 130 m, which is 2000 to 5000 times larger than respectively) differ by a factor of two, and because diffuthe diameter of the bacteriophage tracers, and suggests sion coefficients for colloidal particles are related to the that factors other than straining in fracture or pore square of their diameter (Einstein and Furth, 1926) , throat constrictions might contribute substantially to the smaller particle (MS-2) should have a substantially retention at high flow rates. These could include factors higher probability of colliding with a fracture wall. This related to roughness of fracture or macropore surfaces.
is consistent with the experimental data, which indicated Gravitational settling is expected to be related to resihigher losses of MS-2 relative to PRD-1 at the slower dence time of bacteriophage in the column, and hence flow rates, but about the same amount of loss at the would be influenced by flow rate. This was evaluated highest flow rate. Both of the bacteriophage strains have by calculating the distance the bacteriophage tracers diameters substantially smaller than the optimum particould have settled during their residence times in the cle size of 0.5 to 1.0 m determined for latex microcolumn. The overall direction of flow in the column was spheres in shale saprolite by Haun (1998) and Cumbie upward, which should reduce the importance of settling, and McKay (1999) , which indicates that they are probabut there may have been enough tortuosity in the actual bly in the size range where hydrophobic and electroflow paths, or enough asperities along the fracture walls, static attachment dominate over gravitational settleto allow for significant losses due to settling. Settling ment and straining. However, this evaluation is not rates were calculated for MS-2 and PRD-1 using the conclusive, because there are other factors that influfollowing equation for the settling rate of a sphere in a ence retention of bacteriophage, such as differences in viscous fluid: attraction to soil minerals and organic matter. In experimental studies in granular materials, Kinoshita et al.
(1993) observed greater losses of PRD-1 than MS-2, and concluded that attachment of PRD-1, which is where v s is the settling velocity, d is the diameter of the slightly more hydrophobic than MS-2, was more strongly particle, g is the gravitational constant, is the density influenced by the organic content of the soil than by of the particle, w is the density of water, and is the pH of the solution. The effluent from the saprolite coldynamic viscosity of water (Kane and Sternheim, 1988) .
umn was chemically well buffered, with a fairly constant For PRD-1 and MS-2, with diameters of 0.062 and 0.026 pH of 4.3, which was slightly above the isoelectric point m, respectively, and a density of approximately 1.385 of both PRD-1 (3-4 [Bales et al., 1991] , Ͻ4.5 [Powelg cm Ϫ3 (Olsen et al., 1974) , the calculated settling velocison et al., 1993] ) and MS-2 (near 3 [Zerda, 1992] , 3.9 ties in water at 20ЊC were approximately 70 and 12 m [Powelson et al., 1993] ). Based on this, both PRD-1 and d
. For the estimated bacteriophage residence times MS-2 would be neutral or have weak negative charges, corresponding to first arrival of the tracers (Table 2) , which should result in low attraction to the mineral the maximum settling distance for PRD-1 ranged from surfaces. 0.4 m at the highest flow rate to 41 m at the slowest The experiments, which involved repeated injections flow rate. For MS-2, the settling distances ranged from of bacteriophage tracers in the same column, show little Ͻ0.1 to 7 m for the fastest and slowest flow rates, evidence of "blocking" or "ripening," which are changes respectively. Settling distances corresponding to the resin the tendency of particles to be retained due to the idence time for arrival to plateau concentrations (Table  presence of previously retained particles. In all but the 2) were substantially larger, ranging from 4 to 1700 slowest flow rate experiment, the bacteriophage tracers m for PRD-1, and 0.8 to 300 m for MS-2. Since the reached a relatively constant plateau concentration calculated equivalent fracture aperture value for the early in the injection, which could not have occurred if sample was only 130 m, it appears plausible that gravisignificant blocking or ripening was occurring during tational settling could influence bacteriophage retenthe time frame of the individual experiments. In Experition, especially for PRD-1 at the slower flow rates. Howment 1, which was at the slowest flow rate, there were ever, it would be very difficult to distinguish this from gradual increases in bacteriophage concentration after electrostatic or hydrophobic attachment to fracture the initial rapid rise in concentration, but it is not clear walls (see below), which also tends to be greater at slow whether this was due to blocking or to other factors flow rates.
such as migration in smaller pore classes. Electrostatic or hydrophobic attachment of the bacteChanging flow rates during the flush portion of the riophage to the walls of the fractures appears to be one experiment (Fig. 3) appears to have some influence on of the dominant processes for retention in the saprolite.
remobilization of retained bacteriophage, especially for This is based partly on a process of elimination, since PRD-1, but only a very small fraction of the retained the other retention processes discussed above appear bacteriophage were released by increasing flow rate. insufficient to cause the observed degree of retention.
Particles initially retained by either gravitational settling The larger bacteriophage losses observed at slower flow or electrostatic-hydrophobic attachment could be rerates are also consistent with a conceptual model of mobilized by an increase in flow rate. Larger particles electrostatic or hydrophobic attachment, because at would be subjected to greater changes in shear forces, and hence would have a greater tendency to dislodge. slower flow rates there is a greater probability of diffu-
